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Exercise-induced fatigue affects the motor control and the ability to generate a given
force or power. Surface electroencephalography allows researchers to investigate
movement-related cortical potentials (MRCP), which reflect preparatory brain activity
1.5 s before movement onset. Although the MRCP amplitude appears to increase after
repetitive single-joint contractions, the effects of large-muscle group dynamic exercise on
such pre-motor potential remain to be described. Sixteen volunteers exercised 30min
at 60% of the maximal aerobic power on a cycle ergometer, followed by a 10-km all-out
time trial. Before and after each of these tasks, knee extensor neuromuscular function
was investigated using maximal voluntary contractions (MVC) combined with electrical
stimulations of the femoral nerve. MRCP was recorded during 60 knee extensions after
each neuromuscular sequence. The exercise resulted in a significant decrease in the
knee extensor MVC force after the 30-min exercise (−10 ± 8%) and the time trial (−21
± 9%). The voluntary activation level (VAL; −6 ± 8 and −12 ± 10%), peak twitch
(Pt; −21 ± 16 and −32 ± 17%), and paired stimuli (P100Hz; −7 ± 11 and −12 ±
13%) were also significantly reduced after the 30-min exercise and the time trial. The
first exercise was followed by a decrease in the MRCP, mainly above the mean activity
measured at electrodes FC1-FC2, whereas the reduction observed after the time trial
was related to the FC1-FC2 and C2 electrodes. After both exercises, the reduction in the
late MRCP component above FC1-FC2 was significantly correlated with the reduction
in P100Hz (r = 0.61), and the reduction in the same component above C2 was
significantly correlated with the reduction in VAL (r = 0.64). In conclusion, large-muscle
group exercise induced a reduction in pre-motor potential, which was related to muscle
alterations and resulted in the inability to produce a maximal voluntary contraction.
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INTRODUCTION
Prolonged exercise increases the difficulty to perform voluntary
motor actions by altering motor control or the capacity to sustain
an ongoing effort or to generate maximal force or power (Allen
et al., 1995; Jaric et al., 1997, 1999; Gandevia, 2001; Bottas et al.,
2004) in other words, fatigue develops. Exercise-induced muscle
fatigue can be defined as a reduction in the maximal voluntary
contraction force (MVC; Gandevia, 2001) and can be related to
alterations occurring at different sites along the motor pathway,
from the cortex to the muscle fiber. It is typical to distinguish
between the central factors located before the neuromuscular
junction (central fatigue), which refers to the neural activity that
drives the muscle, and the peripheral factors located after the
motor plate at the muscle level (peripheral fatigue).
Standardized investigative methods for examining
neuromuscular function, such as peripheral nerve stimulation
or transcranial magnetic stimulation, have been extensively
used to explore the complex relationship between exercise
and fatigue (Gandevia, 2001; Taylor et al., 2006; Barry
and Enoka, 2007). Peripheral nerve stimulation provides
relevant information about muscular properties such as
excitation-contraction coupling. This method also allows
for the quantification of suboptimal motor drive for force
production by the twitch interpolation technique (Merton,
1954). However, peripheral nerve stimulation alone remains
ineffective for differentiating between supraspinal and spinal
adaptations. Transcranial magnetic stimulation is an alternative
stimulation method that consists in applying an electromagnetic
field above the motor cortex and/or the cervicomedullary
junction, to evoke motor evoked potentials, and as such
transcranial magnetic stimulation provides information about
changes in corticospinal excitability/inhibition (Goodall
et al., 2012). By combining transcranial magnetic stimulation
and peripheral nerve stimulation, it is possible to assess the
neuromuscular pathway and to gain insight into potential
site(s) of impairment during or following exercise (Gruet et al.,
2014).
Because any voluntary physical effort begins and ends in the
brain (Kayser, 2003), voluntary contraction is not limited by the
motor command per se but also by processes upstream from the
motor cortex that might limit motor drive and thus contribute
to central fatigue (Gruet et al., 2013). Indeed, during voluntary
movement, cortical and subcortical regions are involved in the
final motor output (Ball et al., 1999; Shibasaki, 2012; Tanaka
and Watanabe, 2012). For example, peripheral afferents send
projections to the cingulate anterior cortex, the premotor area,
the lateral prefrontal cortex and the orbitofrontal cortex (Liu
et al., 2002; Liu, 2003; Hilty et al., 2011a; Robertson and Marino,
2016) and thereby participate in modulating motivational and
executive processes. Hence, the brain integrates the internal state
and the perceptual information to finally modulate the motor
output.
Electroencephalography (EEG) appears to be a relevant
method for investigating exercise-induced changes in brain
activity, particularly because it reflects the spontaneous and
immediate activity of neural networks from a wide range of
brain systems. During voluntary muscle contraction tasks, EEG
allows for investigation of the spontaneous cortical activity
related to movement production. The movement-related cortical
potential (MRCP) is an event-related potential locked to the
onset of movement (Shibasaki and Hallett, 2006). It reflects
the preparatory brain activity, taking into account the time
factor. First described by Kornhuber and Deecke; (1965a, b)
as the Bereitschaftspotential, this EEG pattern is characterized
by a slow negative shift, starting ∼2 s before movement, and
reflects neural processes involved in preparing the motor
command. The MRCP is composed of two main components,
distinguished by their change in slopes occurring ∼500ms
before movement onset (Deecke, 1996; Shibasaki and Hallett,
2006). The first component (BP: Bereitschaftspotential) has a
moderate steepness and is bilaterally distributed at the fronto-
central midline above the supplementary motor area (SMA).
BP occurs between 1500 and 500ms before movement onset.
The second component (NS′: negative slope) is contralateral
dominant, more pronounced above the primary motor cortex
(M1) and occurs between 500ms before movement onset and
movement onset. Within NS′, the motor potential (MP) is
observed at movement onset and corresponds to the MRCP peak
amplitude.
Performing voluntary movement implies dynamic processes
that involve multiple areas within the brain, likely with
overlapping activities. At present, there is a divergence in
opinion regarding whether the MRCP components reflect
different processes (Jahanshahi and Hallett, 2012). Nevertheless,
the identification of the generators of MRCP and their
related intracortical connections suggest different stages in the
movement-generating procedure. The main generator of MRCP
is not limited to the primary motor cortex; the pre-SMA, SMA,
and cingulate cortex have a major contribution (Jahanshahi and
Hallett, 2012). The activity of additional subcortical structures,
such as the thalamus, the caudate, the putamen, and the
pallidum also participate in scalp surface-recorded activity
and cannot be excluded. By manipulating motor preparation
with specific tasks, neuroimaging studies have shown increased
activity in the SMA in self-generated movement, compared
with movements directed by external cues (Deiber et al., 1991,
1996; Jenkins et al., 2000). Some evidence supports sequential
activation within this neural network, in which the SMA has a
driving effect on M1 (Herz et al., 2012). Thus, we can assume
that the early MRCP generated above the SMA represents
the cognitive process related to the decision to perform a
movement and the preparation, whereas the late MRCP recorded
above the primary motor cortex is more likely to represent
the motor part of movement production (Arai et al., 2012;
Hoffstaedter et al., 2013). Although the functional distinction
between components is still unclear, their segmentation helps to
differentiate the processes related to movement planning from
motor execution.
The MRCP is obtained by repeated single-joint contractions
protocols. Some studies have reported that repetitions of the
same movement are accompanied by an increase in MRCP
amplitude (Johnston et al., 2001; Schillings et al., 2006;
Morree et al., 2012), which has been interpreted as a way
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to compensate for peripheral fatigue, whereas others have
reported no modifications (Siemionow et al., 2004; Liu et al.,
2005). Schillings et al. (2006) observed an increase in MRCP
after handgrip contractions, but did not find any correlation
between MRCP modulations and the reduction in force or
with any peripheral fatigue parameters. The authors postulated
that the increase in the motor cortical activity compensated
for a reduction in central efficiency. In their study, Freude
and Ullsperger (1987) asked participants to perform self-paced
contractions for 30min (i.e., 150–250 contractions) at 20, 50,
and 80% of their MVC. MRCP increased when fatigue developed
during exercise at 20 and 80% of MVC but decreased when
the contractions were performed in the absence of fatigue at
50% of MVC. The increase in MRCP amplitude was interpreted
differently according to the intensity of effort. At 80% of
MVC, the results suggested an increase in cortical activation
to compensate for peripheral fatigue, whereas at 20% of MVC,
they indicated the high degree of concentration and attention
required to properly perform the task. Conversely, at 50% of
MVC, the reduction in MRCP was interpreted as a decrease
in intentional involvement because of task monotony. More
recently, Berchicci et al. (2013) investigated simultaneously
MRCP, perception of effort, muscle twitch force and EMG
activity. Eighteen subjects performed four blocks of isometric
knee extension at 40% of MVC (240 2 s long contractions).
After averaging the early (block 1–2) and late blocks (block
3–4), the authors performed a cluster analysis to create two
groups based on the rating of perceived exertion (RPE) and the
peripheral fatigue (muscle twitch force loss). MRCP increased
in the group with higher RPE and in the group with greater
peripheral fatigue. They also observed higher positive activity in
the prefrontal cortex in the group with greater RPE. According
to the authors, the protocol used required high cognitive
effort to properly perform the task, which could explain the
frontal positivity. In summary, MRCP modulations appear
to be related to global exercise-induced fatigue, not only to
peripheral fatigue. Some factors might influence the modulations
of the pre-motor potential, such as the cognitive load and the
perceived effort (Freude and Ullsperger, 1987; Slobounov et al.,
2004).
The present study is the first to investigate the effects
of an acute endurance exercise on a motor task (voluntary
knee extensions) by combining pre-motor brain activity and
neuromuscular measurements. Our strategy was to use a specific
fatigue-generating procedure, different from the task used to
quantify MRCP changes, to avoid bias from additional and
unwanted mental weariness. We asked our subjects to perform
a large-muscle-group exercise (cycling) and to participate in a
specific MRCP task (repeated knee extension; before and after
cycling) to quantify the changes induced by the fatiguing exercise.
The aim of the study as two-fold: (1) to assess the effect of cycling
exercise intensity (heavy and severe) on MRCP modulations
and (2) to relate the exercise-induced MRCP modulations to
the extent of central and peripheral fatigue. We hypothesized
that large-muscle-group exercise would induce neuromuscular
fatigue and an increase in MRCP amplitude above the premotor
and motor area.
MATERIALS AND METHODS
Participants
Twenty well-trainedmale athletes were enrolled in the study after
having been informed of the experimental procedure. All the
participants completed the Baecke questionnaire to ensure that
they were physically active (Baecke et al., 1982). The protocol
was approved by the local ethics committee (CERVD: protocol
153/14) and was in agreement with the Declaration of Helsinki.
Each subject provided written consent before participation.
Experimental Protocol
The volunteers visited the laboratory on two occasions, for
the pre-participation session and for the experimental session.
During the pre-participation session, preliminary medical
screening confirmed that participants were in good health and
had no disorders that could interfere with the experimental
procedure. Upon inclusion, they performed a maximal ramp
exercise protocol on a cycle ergometer (Lode Excalibur Sport,
Groningen, the Netherlands) to measure the first ventilatory
threshold (SV1), peak oxygen consumption (V˙O2 peak), and
maximal aerobic power (MAP). The participants warmed up for
6min at 60 W, after which power was incremented by 30 W/min
until voluntary exhaustion. Maximality was considered to have
been reached when at least three of the following criteria were
met: V˙O2 plateau; respiratory quotient (QR)>1.1; maximal heart
rate (HRmax) >90% of theoretical HRmax (i.e., 220-age); or a
pedaling rate below 60 rotations per minute despite strong verbal
encouragement.
The experimental session occurred within 4 weeks after the
pre-participation session. The volunteers were instructed to
maintain their usual diet and to avoid severe exercise the day
before. They had to avoid alcohol and caffeine consumption
over the 12 h preceding the session. The last meal had to
be taken at least 2.5 h before the beginning of the test,
and water was provided ad libitum during the experimental
session.
The protocol consisted of heavy exercise, followed 15min later
by severe exercise (Figure 1). The heavy exercise consisted in
pedaling at a freely chosen cadence on a cycle ergometer (Lode
Excalibur Sport, Groningen, the Netherlands) for 30min at an
intensity of ∼60% of MAP. The severe exercise was a 10-km
all-out time trial (TT) performed on a road bike with the rear
wheel mounted on a home trainer (CycleOps, Madison, USA).
The objective was to complete the distance as fast as possible, with
the distance displayed on a bike computer fixed to the handlebar.
The resistance of the roller increased automatically with the force
exerted by the cyclist to reproduce field-like sensations. A fan was
placed in front of the subject to avoid excessive sweating, and the
wind speed was adjusted upon request. A power meter in the rear
hub (PowerTap, CycloOps, Madison, USA) allowed the power
output to be recorded. Perceived exertion was assessed with the
6–20 Borg scale at the end of the heavy exercise and the TT. Knee
extensor neuromuscular function was investigated through the
quantification of several parameters. The MVC represents the
maximum force that a subject could produce in the isometric
knee exercise. The voluntary activation level (VAL) was chosen
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FIGURE 1 | Experimental session design and timeline. PRE, pre-exercise condition; POST1, post-heavy exercise condition; POST2, post-time trial condition;
MRCP, movement-related cortical potential.
as an index of central fatigue and is believed to reflect the ability
of the motor cortex to drive muscle. The M-wave was recorded
to explore neuromuscular transmission/propagation. The paired
stimuli force at 100Hz (P100Hz) and themuscle twitch force (Pt)
reflected the muscle properties and were both chosen as indices
of peripheral fatigue. Neuromuscular data were collected before
the fatiguing task (PRE), immediately after the 30-min exercise
(POST1) and immediately after the 10-km TT (POST2). The
MRCP data were recorded after each neuromuscular assessment
for these three time points.
Neuromuscular Data Collection
Neuromuscular Assessment
The session began with a warm-up of 10 submaximal voluntary
isometric knee extensor contractions (4–5 s) between 20 and
90% of the estimated MVC. After a short recovery period, the
participants performed two MVCs (4 s duration) with the right
leg, separated by a 1-min rest period. For both trials, P100Hz
were delivered at maximal force, followed by a P100Hz and a Pt
in 2-s intervals.
Evoked Contractions
A constant-current stimulator (DS7AH, Digitimer,
Hertfordshire, UK) was used to deliver electrical pulses. The
cathode (5 cm diameter) and the anode (5× 10 cm, Dermatrode,
American Imex Irvine, CA) were placed over the femoral nerve
at the femoral triangle level below the inguinal ligament and
on the lower part of the gluteal fold opposite the cathode,
respectively. The optimal intensity for electrical stimulation was
determined after the warm-up period by progressively increasing
the stimulus intensity in 10-mA increments until there was no
further increase in the amplitude of the mechanical or electrical
(M-wave) responses. A 20% supplementary increment was added
to ensure supramaximal stimulation intensity (Neyroud et al.,
2013).
Force Recording
Voluntary and evoked force exerted by the right knee extensors
were recorded using an isometric ergometer consisting of a
custom-built chair equipped with a strain gauge (Universal Load
Cell, model 9363-C3, linear range 0–250 N•m, output sensitivity
2.0mV•V−1, Vishay, Malvern, US). The calibrated strain gauge
was fixed to the chair and strapped to the ankle with a custom-
made mold. Subjects were seated with a 90-degree knee angle, the
trunk was attached at a 100◦ angle to the chair back panel with
a harness belt, and the arms had to be crossed on the chest to
minimize upper body movement. The force signal was recorded
at 1 kHz using an AD converter system (MP 150, BIOPAC
Systems, Goleta, CA).
EMG Recording
The EMG activity of the right vastus lateralis (VL) was
recorded with a pair of silver chloride (Ag/AgCl) circular (1 cm)
surface electrodes (MediTrace 100, Kendall, Canada) positioned
lengthwise over the middle of the muscle belly according to
SENIAM recommendations (Hermens et al., 2000); the inter-
electrode distance was 2 cm. The reference electrode was placed
over the patella. The VL was chosen as representative of
quadriceps muscle activity (Place et al., 2007). Low resistance
(<5 k) was obtained by shaving, abrading and cleaning the
skin. EMG signals were amplified (gain= 1000) over a frequency
bandwidth of 10–500Hz and digitized at a sampling frequency of
2 kHz using an AD converter system. Force and EMG data were
analyzed oﬄine using the software Acknowledge (Biopac System,
Santa Barbara CA, USA).
MRCP Data Collection
EEG Recording
Continuous EEG was recorded at a sampling rate of 2048Hz
with a 64-channel Biosemi Active two-amplifier system (Biosemi,
Amsterdam, the Netherlands) mounted according to the 10–
20 International System. All channels were referenced to the
CMS-DRL ground, which functioned as a feedback loop driving
the average potential across the montage as close as possible
to amplifier zero (Biosemi, Amsterdam, the Netherlands).
Impedance was kept below 5 k by using conducting gel.
Participants wore the EEG cap during the entire protocol.
Post-exercise recordings started 5.5 ± 0.5min after the end
of the heavy exercise and the TT, and lasted 10min. Oﬄine
analyses were performed with BrainVision analyzer software
(Brain Products Gmbh, Munich, Germany).
The MRCP data were collected using the same ergometer
device used for neuromuscular assessment. To avoid any
unknown disturbances induced by the neuromuscular
stimulation, the other leg was used for the MRCP task. A
string attached to the left ankle ran over a pulley to a free-
hanging weighted platform. The subjects were instructed to
lift this weight 60 times, equivalent of 20% of their MVC
force, by ∼10 cm. The contraction duration was not strictly
controlled, but participants were instructed to produce a 2-s
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contraction: a 1-s concentric contraction to lift the weight, and
1-s eccentric contraction to put it down (metronome). The onset
of movement was automatically reported on the EEG recording
by the release of a trigger placed behind the heel of the subjects.
The contractions were self-generated, but to ensure that the
duration of the task was identical for each participant in each
condition, a beep sounded every 10 s. The participants were
instructed to perform the contraction spontaneously between
two beeps. The subjects were also instructed to keep their eyes
closed during the task to avoid excessive attentional load and
artifacts generated by visual feedback.
Data Analysis
Gas Exchange
Breath-by-breath pulmonary gas-exchange data were collected
during the maximal ramp test with a metabolic cart (OxyconPro,
Jaeger, Germany) and averaged over consecutive 10-s period.
The V˙O2 peak was taken as the highest value attained during
the last 30 s before the subject’s volitional exhaustion. SV1 was
determined from the combination of different measurements,
including the first disproportionate increase in V˙CO2 from visual
inspection of individual plots of V˙CO2 vs V˙O2, an increase in
expired ventilation V˙E/V˙O2 with no increase in V˙E/V˙CO2, and
an increase in end-tidal O2 tension with no fall in end-tidal CO2
tension. The intensity for the 30-min exercise was obtained by
adding 20% of the difference between SV1 andMAP to the power
reached at SV1.
Force Data
MVC force of the knee extensors was reported as the force
produced during the maximal voluntary contractions (i.e., peak
to peak). Resting P100Hz and Pt amplitude were analyzed for
the trials yielding the highest MVC. The VAL during MVCs was
estimated with the superimposed and the potentiated doublets
according to the formula proposed by Strojnik and Komi (1998).
VAL = (1−
(
superimposed 100 Hz doublet force×
(
force level at stimulation /MVC force
)
/
superimposed 100 Hz doublet force
)
)× 100
EMG Data
The EMG signals recorded during the highestMVCwere used for
analysis. M-wave peak-to-peak amplitude wasmeasured from the
EMG response after the single stimulation.
MRCP Data
The raw EEG data were first down-sampled from 2048 to 512Hz
to reduce computational load and band-pass filtered from 0.1
to 5Hz. The low-pass filter was set at 5Hz (Thacker et al.,
2014) to avoid bias for alpha rhythm induced by the eyes-
closed procedure and to avoid unwanted activity generated by
spontaneous physiological and rolandicmu rhythms. EEG signals
were segmented into 60 epochs of 3000ms each (from 2500ms
before movement onset to 500ms after movement onset). All
trials were baseline-corrected with −2500ms to −2000ms as a
reference and averaged using a semi-automatic artifact rejection
procedure with a ±80µV criterion. Artifacted electrodes were
interpolated when necessary with a spherical 3D spline, and
trials containing periods of muscular artifacts were also rejected.
On average, 53 ± 9, 52 ± 11, and 52 ± 9 of 60 trials were
available for analysis for the PRE, POST1, and POST2 conditions,
respectively. The MRCPs were segmented into four sequential
components (Shibasaki andHallett, 2006; Jahanshahi andHallett,
2012). The Bereitschaftspotential was divided into BP1 and BP2.
The BP1 corresponds to the average amplitude between −1500
and −1000ms. The BP2 corresponds to the average amplitude
between −1000 and −500ms. The third component was the
negative slope (NS′), which corresponds to the average amplitude
from −500ms to the onset of movement. The last component
was the motor potential (MP), taken as the maximal peak
amplitude recorded between −500ms and movement onset.
Those components were calculated for two regions of interest.
The first region corresponded to the mean activity of the FC1
and FC2 electrodes and the second region was the mean activity
above the C2 electrode. Those electrodes were chosen because
they correspond to the area known to generate MRCP, namely
the SMA (represented by FC1-FC2 mean activity) for the first
part of MRCP and the primary motor cortex (M1; represented
by C2 activity) for the late part of MRCP (Shibasaki and Hallett,
2006).
Statistical Analysis
One-way repeated measures ANOVAs with factor Time were
used to compare the neuromuscular and MRCP variables
between the different times of measurement (PRE, POST1,
and POST2, respectively). When ANOVA revealed significant
interactions, pairwise contrasts were performed using the
Bonferroni correction. Friedman ANOVAs with follow-up
Wilcoxon signed rank tests were used in a few cases in which
conditions for using parametric tests were not reached. To
better understand the mechanisms responsible for the MVC
loss, we performed Pearson correlation analyses by using the
deltas between PRE-POST1 and PRE-POST2 on the factor MVC
explained by VAL and P100Hz.
Because of the non-normal distributions of EEG variables,
Spearman correlations were used to explore the relationship
between neuromuscular and MRCP modulations. The three
neuromuscular parameters used for the correlation analyses
were the reduction in MVC, VAL, and P100Hz, which were
chosen as global, central and peripheral indices of fatigue,
respectively. Those parameters were correlated with the four
MRCP components modulations (i.e., BP1, BP2, NS′, MP) at
the FC1-FC2 and C2 electrodes. All statistical analyses were
performed using the software Statistica 12.6 (Statsoft, Tulsa,
USA). The level of significance was set to p < 0.05. The results
are presented as mean± standard deviation.
RESULTS
Participants
Data from four of the original 20 recruited participants had to be
excluded because of heavily artifacted EEG signals. The mean age
of the 16 remaining participants was 29 ± 7 (years ± SD), and
their body mass index was 22.9± 1.6 (kg•m−2). All of them were
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active road cyclists and/or triathlon athletes, had a total score of
9.2± 0.7 on the Baecke questionnaire, and reached aMAP of 385
± 47 W at a V˙O2 peak of 63.8 ± 5.9ml•min−1•kg−1 during the
incremental cycling test.
Exercise Data
The mean power output during the 30-min exercise was 231 ±
97 W. The mean duration for the TT was 15.7± 1.6min and the
average power was 279 ± 31 W. The RPE was 14.9 ± 1.7 at the
end of the heavy exercise, whereas the RPE reached 19.7 ± 0.5 at
the end of the TT.
Neuromuscular Data
Force
The sequence of the two cycling exercises caused a significant
reduction in the MVC force measured at POST1 and POST2
[F(2, 30) = 55.34, p < 0.001; Table 1]. Figure 2 shows two
representative recordings of a superimposedMVCwith a 100Hz-
potentiated doublet in the PRE (A) and POST2 (B) conditions.
Peripheral and Central Fatigue
The peripheral indices of fatigue measured by the Pt force and
P100Hz were significantly reduced [F(2, 30) = 36.95, p < 0.001
and Chi2 (N = 16, df = 2) = 6.5, p = 0.039], respectively
after POST1 and POST2 (Table 1). For the M-wave amplitude,
Friedman ANOVA revealed a significant effect of Time [Chi2
(N = 16, df = 2) = 9.5, p = 0.008]. However, although
no reduction was observed between PRE and POST1 (p =
0.3), the difference in the M-wave amplitude between PRE and
POST2 was significant (p = 0.007). Concerning central fatigue,
a Time effect [F(2, 30) = 14.21, p < 0.001] was observed for
VAL. For all the significant main Time effects, post-hoc tests
revealed a significant difference between PRE and POST1 (except
for M-wave) and between PRE and POST2 (All p < 0.033;
Table 1).
Correlations
At POST1, Pearson correlation analysis showed a trend toward
a relationship between the reduction in MVC force and the
reduction in P100Hz (r = 0.44, p = 0.08), but without reaching
the level of significance. No relationship was found betweenMVC
and VAL reduction (r = 0.32, p = 0.22). At POST2, the
results indicated no significant relationship between the decrease
in MVC and P100Hz (r = 0.27, p = 0.3), whereas a positive
relationship was found between the reduction in MVC and VAL
(r = 0.5, p = 0.047).
MRCP Data
TheMRCP grand averages between the PRE, POST1, and POST2
conditions at FC1-FC2 and C2 are shown in Figures 3A,B. The
commonMRCP shape can be observed, with a typical increase in
slope at∼1000 and 500ms before movement onset.
Mean Activity at FC1-FC2
ANOVA revealed an effect of Time for FC1-FC2 mean activity
for the components BP1 [F(2, 30) = 3.93, p = 0.03], BP2
TABLE 1 | Neuromuscular indices of central and peripheral fatigue measured before the fatiguing task (PRE), after the heavy exercise (POST1), and after
the 10-km time trial (POST2).
PRE POST1 POST2
Mean ± SD Mean ± SD 1 PRE % ± SD Mean ± SD 1 PRE % ± SD
MVC (N) 306 ± 54 276 ± 55** −10 ± 8 244 ± 51** −21 ± 9
VAL (%) 90.9 ± 5.1 85.6 ± 9.5* −5.9 ± 8.4 80.5 ± 11.5** −11.6 ± 10.4
Pt (N) 93.3 ± 21.3 72.7 ± 19.4** −20.9 ± 15.8 61.2 ± 14.2** −32.4 ± 16.7
P100Hz (N) 132.7 ± 30.1 122.6 ± 28.8** −6.9 ± 10.69 116.5 ± 30.9** −12.1 ± 13.2
M-wave (mV) 4.8 ± 2.3 4.6 ± 2.3 −3.9 ± 15.2 4.3 ± 2.3** −10 ± 15.5
MVC, maximal voluntary contraction; VAL, voluntary activation level with reference to the 100Hz resting peak doublet. Pt, muscle twitch; P100 Hz, resting peak doublet at 100 Hz;
M-wave, peak to peak M-wave amplitude. 1 PRE, percentage of difference from PRE. Significant differences from PRE: *p < 0.05; **p < 0.01.
FIGURE 2 | Representative recordings of a superimposed maximal voluntary contraction with a 100Hz-potentiated doublet in the PRE (A) and POST2
(B) conditions. Note the decrease in MVC force and P100Hz after the completion of the two fatiguing exercises.
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FIGURE 3 | (A) Grand MRCP average recorded above the FC1-FC2 (i.e., above supplementary motor area) and (B) C2 electrodes (i.e., above primary motor cortex)
in the pre-exercise condition (dark blue curve), after the heavy exercise (orange curve) and after the 10-km time trial (light blue curve). X-axis units: time in milliseconds
locked to the movement onset. Y-axis units: amplitude in microvolts. (C) Mean activity of movement-related cortical potential components measured before the
cycling task (PRE), after the heavy exercise (POST1), and after the 10-km time trial (POST2) on the FC1-FC2 electrodes (shaded column) and the C2 electrode (filled
column). BP1, mean activity from −1500 to −1000ms; BP2, mean activity from −1000 to −500ms; NS’, mean activity from −500ms to movement onset; MP, peak
amplitude. Significant differences from PRE: *p < 0.05; **p < 0.01.
[F(2, 30) = 7.73, p = 0.019], NS
′ [F(2, 30) = 7.17, p = 0.003],
and MP [F(2, 30) = 7.39, p = 0.002; Figure 3C]. The post-hoc
tests indicated a significant reduction between PRE and POST1
for BP2 (p = 0.007), NS′ (p = 0.012), and MP (p = 0.016).
At POST2, the reduction was significant for the four MRCP
components (All p< 0.04; Figure 3C).
Mean Activity at C2
ANOVA revealed a Time effect on the C2 mean activity for the
component BP1 [F(2, 30) = 4.91, p = 0.014], BP2 [F(2, 30) = 8.83,
p < 0.001], NS′ [F(2, 30) = 9.14, p < 0.001], and MP [F(2, 30) =
8.43, p = 0.001]. The post-hoc tests indicated a significant
decrease between PRE and POST1 only for B2 (p = 0.01),
whereas the reduction was significant for the four components
between PRE and POST2 (all p < 0.012; Figure 3C).
Neuromuscular and MRCP Correlations
Bonferroni post-hoc tests revealed significant changes for the
MRCP components between PRE-POST1 and between PRE-
POST2 conditions, whereas no changes were observed between
POST1 and POST2 (see Figure 3). Therefore, the correlation
analyses between MRCP and neuromuscular modulations were
based solely on the PRE-POST1 and PRE-POST2 differences.
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FIGURE 4 | Correlation analyses between the P100Hz doublet force
and the motor potential above the C2 electrode (A) and between the
voluntary activation level and the decrease in the motor potential
above the FC1-FC2 electrodes (B). Both correlations are based on the
differences between the PRE and POST2 conditions. Note that the pre-motor
potential is a negative value, and thus, a reduction in the amplitude represents
a change toward zero (i.e., the value becomes less negative). MP, motor
potential; VAL, voluntary activation level.
No correlation was found between PRE and POST1. In
contrast, between PRE and POST2, the reduction in P100Hz
was correlated with the decrease in NS′ (r = 0.61) and the MP
(r = 0.61) amplitude above FC1-FC2 (all p < 0.05), whereas
the reduction in VAL was correlated with the decrease in BP1
(r = 0.57), BP2 (r = 0.65), NS′ (r = 0.72), and MP (r = 0.64)
above C2 (all p < 0.05). The correlations between the reduction
in VAL and MP above FC1-FC2 and between the reduction in
P100Hz and MP amplitude above C2 are illustrated in Figure 4.
Note that the pre-motor potential is a negative value, and thus, a
reduction in the amplitude represents a change toward zero (i.e.,
the value becomes less negative).
DISCUSSION
The current study was designed to induce neuromuscular
fatigue by using two successive cycling exercises, at heavy
and severe intensities, and to assess the related effects on
MRCP. The second aim was to relate the exercise-induced
MRCP modulations with neuromuscular alterations. Although
the large-muscle-group exercise induced neuromuscular fatigue,
the results indicated a reduction in MRCP amplitude instead
of an increase as expected. The cycling exercise induced both
peripheral alterations (as indicated by the decreased P100Hz
and Pt) and central impairments (as indicated by the reduction
in VAL). The exercise intensity difference between the heavy
exercise and the TT was indicated by a higher perception of
effort and a greater strength loss after the second exercise.
After heavy exercise, MRCP was reduced mainly above the
FC1-FC2 electrodes, whereas the MRCP reduction observed
at the end of the TT was associated with the FC1-FC2 and
C2 electrodes. The relationship found between the reduction
in the late MRCP components (i.e., NS′, MP) and P100Hz
above FC1-FC2 and with VAL above C2 indicated a close
interaction between neuromuscular fatigue and pre-motor brain
activity.
Physical Exercise and Neuromuscular
Fatigue
An MVC loss of 10% was observed after the heavy exercise.
As expected, this reduction was associated with peripheral
alterations characterized by a decrease of 20% in Pt force,
without changes in the VL M-wave amplitude and with central
fatigue, as reflected by the decrease in VAL. Such neuromuscular
changes are very similar to those reported by Lepers et al.
(2001). After a cycling exercise lasting 30min at 80% MAP
among trained athletes, the authors reported a decrease of
13% in knee extension force, accompanied by a reduction of
20% in the Pt without changes in the M-wave properties,
suggesting alteration of processes located beyond action potential
propagation/transmission. Such a reduction in Pt force may
be related to intracellular disturbances, such as reduced Ca2+
release from the sarcoplasmic reticulum, decreased sensitivity
of myofilaments to Ca2+, changes in metabolite (H+, inorganic
phosphate) concentrations within the muscle, and/or reduced
force produced by each active cross-bridge (Allen et al., 2008).
The absence of significant correlations between MVC force loss
and central or peripheral markers of fatigue between PRE and
POST1 does not allow for a clear determination of the origin
of fatigue. However, relying on other studies demonstrating that
peripheral fatigue develops early during such exercise (Decorte
et al., 2010), we believe that the trend observed between theMVC
force loss and the reduction in P100Hz in POST1 favors a major
role for peripheral alterations.
After the severe intensity exercise, knee extensor MVC force
was decreased by 21%. This strength loss is comparable to the
results of Lepers et al. (2001), who reported a reduction of
16% after 30min of cycling at 80% of PMA. As at POST1,
peripheral and central alterations participated in knee extensor
force impairment at POST2. The additional peripheral fatigue
(−32% in Pt at POST2 vs. −21% at POST2) can be attributed
to alteration in action potential transmission/propagation, as
indirectly indicated by the 10% reduction in VL M-wave
amplitude at POST2. The finding that the VL M-wave amplitude
decreased at POST2 but not at POST1 confirms the results of
Lepers et al. (2002, 2004) suggesting that cycling exercise must be
of sufficient intensity and duration to affect muscle excitability.
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The purpose of performing the 10-km time trial after having
previously performed a heavy exercise lasting 30min at 60%
of MAP (i.e., 67% V˙O2 peak), with only a 15-min break (i.e.,
for data collection), was also to generate greater central fatigue.
Indeed, VAL was 91% in PRE condition and decreased to 80% at
POST2, in accord with the literature (Lepers et al., 2001; Millet
and Lepers, 2004). This finding suggests altered CNS functioning
leading to a limitation of descending motor drive. Overall, our
results indicate that peripheral mechanismsweremainly involved
in the development of fatigue at POST1, whereas central fatigue
played a major role in force reduction at POST2.
MRCP Data
Before, between and after exercise, we observed MRCPs with a
shape and amplitude similar to those reported in the literature
(Shibasaki and Hallett, 2006). The MRCPs were characterized
by a slow negative shift starting between 1500 and 2000ms
before movement onset, with a typical change in slope occurring
at approximately −500ms (Figure 3). Our data indicate that
this inflection occurred slightly earlier (around −750ms), likely
because the trigger was set at the onset of movement instead of
the onset of EMG activity. Both fatiguing cycling tasks resulted in
a decrease in MRCP amplitude recorded during 60 spontaneous
knee extensions at 20% of MVC. A long-term effect on brain
activity was already reported by Thacker et al. (2014), who
showed MRCP modulations 1 h after the end of an endurance
exercise. Our results extend these findings by showing that the
large-muscle-group exercise led to distinctive changes in the
pre-motor potential during the two 15-min periods post-exercise
(POST1 and 2) compared with the fresh condition (PRE).
The present findings do not confirm that pre-motor
brain activity increases with muscle fatigue, as expected and
as previously reported in repeated single-joint contraction
protocols. Our study used a dynamic large-muscle-group-
fatiguing task quite different from the task used to quantify
changes in MRCP. It is therefore difficult to compare our
results with those of previous single-joint contractions protocols.
Several authors have asked their experimental subjects to perform
repetitive blocks of contractions and have compared pre-motor
potential amplitudes between the first and the last blocks. In
such designs, fatigue is not experimentally manipulated through
a specific fatiguing task. Another difference from our design is the
potential for mental load. In most studies, participants have had
to achieve a given force level during contraction by using visual
feedback. A high degree of concentration must be maintained
to correctly perform the task throughout the block of repeated
contractions. However, it has been suggested that an increase
in attentional load and the mobilization of cognitive resources
could be a confounding factor resulting in an increase in MRCP
amplitude (Freude and Ullsperger, 1987; Berchicci et al., 2013).
Another factor to consider is the contraction force level used
during theMRCP task. In the studies of Johnston et al. (2001) and
Schillings et al. (2006), the MRCP task consisted of contractions
at 70% of the MVC. By comparing the premotor potential
amplitude between the first and last blocks of contractions, the
authors reported an increase in MRCP. According to the authors,
this result suggested that the cortical activity compensated for the
reduction in strength capacities (i.e., to provide the same level of
force, the brain had to mobilize more resources). In the present
study, the load lifted during the MRCP task was kept low (20%
of MVC force) and additional cortical activation to compensate
for peripheral fatigue did not appear to be required. In a similar
vein, Morree et al. (2012) did not observe any increase in pre-
motor potential after repeated contractions at 20% of MVC force
despite a final maximal force loss of 35%.
The difference in the effects on pre-motor potential observed
in this study and others (i.e., a reduction in pre-motor vs. an
increase, respectively) may arise from the differing fatiguing task
features. The effect of single-joint contraction tasks on motor
cortex excitabilitymeasured by transcranial magnetic stimulation
has been reported to be different from the effect observed
for locomotor exercises. The excitability of the motor cortex
increases after a fatiguing single-joint contraction task, but after
a 30-min steady-state sustained cycling exercise, Sidhu et al.
(2012) reported no increase in the responsiveness of the motor
cortex. Modulation of cortical excitability is likely task-specific
and may be related to the systemic physiological consequences
of large-muscle-group exercise. The reduction in MRCP could
be related to input from group III and IV muscle afferents
to the brain. Indeed, fatiguing voluntary contraction lengthens
the cortical silent period, as measured by transcranial magnetic
stimulation, which is believed to reflect intracortical inhibitory
activity (Gruet et al., 2013). However, when the activation of
group III and IV muscle afferents are artificially blocked with
an anesthetic solution (fentanyl) injection, the cortical silent
period is not prolonged, indicating a modulation of intracortical
inhibitions (Hilty et al., 2011b). Similarly, maintaining muscle
afferent activity at the end of a fatiguing task with ischemia
reduces motor cortex output that maximally activates the muscle
(Gandevia et al., 1996). More generally, endurance exercise
modulates several additional parameters that might play a role
in the reduction of the pre-motor potential, such as cerebral
oxygenation (Ide and Secher, 2000), brain catecholamines (Nybo
and Secher, 2004), or hyperthermia (Périard et al., 2011).
To the best of our knowledge, only one study has investigated
MRCP modulations after a large-muscle-group endurance
exercise (Thacker et al., 2014). The exercise consisted in pedaling
for 20min at 70% of the age-predicted maximum heart rate on a
cycle ergometer. To remove confounding and fatigue factors, the
authors used an MRCP task involving the upper limbs (i.e., wrist
extension). The results indicated no changes in MRCP amplitude
or onset immediately after the end of exercise. We assume that
the absence of modification was caused by insufficient exercise
intensity or durations and/or because the muscle group used for
theMRCP task was different from thatmobilized for the fatiguing
task.
In our protocol, a reduction in MRCP was observed during
movement preparation, initiation, and movement onset, as
reflected by the reduction in the BP, NS′, and MP components,
respectively. The heavy exercise induced a decrease in MRCP
amplitude for the components BP2, NS′, and MP above FC1-
FC2, whereas only BP2 decreased significantly above C2. After
the TT, all MRCP components decreased significantly from the
PRE condition above the FC1-FC2 and C2 electrodes. Our results
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indicate that heavy exercise affects the MRCP differently if it
is recorded above SMA or M1. The SMA is connected to the
subcortical region, relays sensory feedback received from the
muscle and sends direct signals to the M1 (Dum and Strick,
1991; Cadoret and Smith, 1997; Colebatch, 2007), such that
the neurons in the SMA are activated several milliseconds
before activity within the pyramidal tract (Eccles, 1982). Thus,
it appears that the modulations observed above the SMA are
more closely related to the integration of peripheral mechanisms,
whereas the modulations above the primary motor cortex are
more likely to reflect the cortico-motor command. The positive
correlation between the increase in peripheral fatigue measured
by P100Hz and the reduction in MRCP (i.e., NS′ and MP)
above the SMA strengthens the assumption that this area may
be under the modulatory influence of muscle activity, likely via
type III and IV afferents. This assumption is also supported
by the studies of Gandevia (2001) and Amann et al. (2011)
which showed that type III/IV muscle afferents are likely to exert
an inhibitory effect on central motor drive during whole-body
exercise.
At POST1, the components related to movement preparation
are first altered without affecting the execution period of
movement production, as reflected by no differences in NS′
and MP amplitude above M1. When neuromuscular fatigue
is more pronounced, as observed at POST2, the components
related to movement preparation and execution are both
modulated, showing a growing impact of fatigue on all the
components involved in movement production. The activation
of the corticospinal tract via the primary motor cortex is the
final step of movement production. Thus, when exercise-induced
fatigue decreases the MP above the SMA and M1, it is possible
that the motor cortex does not reach the level of activity required
to produce the same level of voluntary activation, resulting
in a greater decrease in MVC force, as observed at POST2.
The positive correlation between the decrease in VAL and the
reduction in MRCP above M1 support this assumption, as well
as the positive correlation between the drop in MP amplitude
above M1 and the reduction in MVC force. Interestingly, some
authors have reported neural plasticity between the SMA and
M1. By using transcranial magnetic stimulation, Arai et al.
(2012) showed that the motor-evoked potential generated by
stimulating M1 can be modulated by an SMA-conditioning
stimulation procedure. Recently, Bajaj et al. (2015) also showed
that the neural connectivity between the SMA and M1 could
be modulated by therapy in stroke survivors. It is not unlikely
that the acute fatiguing task performed in our study reorganized
the connectivity between the SMA and M1 and that the neural
impulses sent from SMA toM1 were reduced under the influence
of afferent projections.
The limits of our study concern the factors related to
movement characteristics, such as strength, accuracy, or rate
of force development, all of which are known to modulate
the MRCP (Shibasaki and Hallett, 2006). In our protocol, the
range of motion was the same between trials. However, the
movement duration was not controlled, and we cannot exclude
that the duration between the onset of muscle activity and the
onset of movement did not change with fatigue. In addition,
the MRCP modulations reported in this study are specific to
well-trained athletes and cannot be extended to the general
population. Because neuroelectric activity could be related to
physical fitness (Kamijo et al., 2010), further studies have to be
repeated in different populations to determine the impact of
fitness on MRCP, especially after endurance exercises.
In conclusion, the MRCP reflects the intention to move and
the preparatory period for the intended movement. The results
of our study indicate that a cycling exercise induces peripheral
and central fatigue and reduces MRCP amplitude. The MRCP
components related to movement planning and initiation above
the SMA area first altered by heavy exercise-related fatigue, likely
by peripheral muscle activity. When neuromuscular fatigue is
substantial, as observed after the TT, the overall reduction in
MRCP, especially the reduction in the brain component related to
movement execution above the primary motor cortex (i.e., MP),
is associated with the reduction in the maximal voluntary level,
resulting in a decrease in maximal voluntary force.
Finally, large-muscle-group exercise induces neuromuscular
fatigue, resulting in an alteration of the corticospinal command.
Because this study indicates that this command is modulated
by pre-motor cortical activity, we now suggest taking a step
backwards to investigate post-exercise resting state electro-
cortical dynamics, from which the intention to move emerges.
AUTHOR CONTRIBUTIONS
JNS, FB, JB: Contributions to the conception of the work. JNS,
FB, NP, BK, JB: Contributions the acquisition and interpretation
of data. JNS, FB, NP, BK, JB: Revising the content. JNS, FB, NP,
BK, JB: Final approval of the version.
REFERENCES
Allen, D. G., Lamb, G. D., and Westerblad, H. (2008). Skeletal
muscle fatigue: cellular mechanisms. Physiol. Rev. 88, 287–332. doi:
10.1152/physrev.00015.2007
Allen, G. M., Gandevia, S. C., and McKenzie, D. K. (1995). Reliability
of measurements of muscle strength and voluntary activation using
twitch interpolation. Muscle Nerve 18, 593–600. doi: 10.1002/mus.8801
80605
Amann, M., Blain, G. M., Proctor, L. T., Sebranek, J. J., Pegelow, D. F., and
Dempsey, J. A. (2011). Implications of group III and IV muscle afferents
for high-intensity endurance exercise performance in humans. J. Physiol. 589,
5299–5309. doi: 10.1113/jphysiol.2011.213769
Arai, N., Lu, M.-K., Ugawa, Y., and Ziemann, U. (2012). Effective connectivity
between human supplementary motor area and primary motor cortex: a
paired-coil TMS study. Exp. Brain Res. 220, 79–87. doi: 10.1007/s00221-012-3
117-5
Baecke, J. A., Burema, J., and Frijters, J. E. (1982). A short questionnaire for the
measurement of habitual physical activity in epidemiological studies. Am. J.
Clin. Nutr. 36, 936–942.
Bajaj, S., Butler, A. J., Drake, D., and Dhamala, M. (2015). Brain effective
connectivity during motor-imagery and execution following stroke and
Frontiers in Human Neuroscience | www.frontiersin.org 10 June 2016 | Volume 10 | Article 257
Spring et al. MRCP Reduction after Acute Exercise
rehabilitation. Neuroimage Clin. 8, 572–582. doi: 10.1016/j.nicl.2015.
06.006
Ball, T., Schreiber, A., Feige, B., Wagner, M., Lucking, C. H., and Kristeva-Feige,
R. (1999). The role of higher-order motor areas in voluntary movement as
revealed by high-resolution EEG and fMRI. Neuroimage 10, 682–694. doi:
10.1006/nimg.1999.0507
Barry, B. K., and Enoka, R. M. (2007). The neurobiology of muscle fatigue: 15 years
later. Integr. Comp. Biol. 47, 465–473. doi: 10.1093/icb/icm047
Berchicci, M., Menotti, F., MacAluso, A., and Di Russo, F. (2013). The
neurophysiology of central and peripheral fatigue during sub-maximal
lower limb isometric contractions. Front. Hum. Neurosci. 7:135. doi:
10.3389/fnhum.2013.00135
Bottas, R., Linnamo, V., Nicol, C., and Komi, P. V. (2004). Repeated maximal
eccentric actions causes long-lasting disturbances in movement control. Eur.
J. Appl. Physiol. 94, 62–69. doi: 10.1007/s00421-004-1253-8
Cadoret, G., and Smith, A. M. (1997). Comparison of the neuronal activity in
the SMA and the ventral cingulate cortex during prehension in the monkey.
J. Neurophysiol. 77, 153–166.
Colebatch, J. G. (2007). Bereitschaftspotential and movement-related potentials:
origin, significance, and application in disorders of human movement. Mov.
Dis. 22, 601–610. doi: 10.1002/mds.21323
Decorte, N., Lafaix, P. A., Millet, G. Y., Wuyam, B., and Verges, S. (2010).
Central and peripheral fatigue kinetics during exhaustive constant-load cycling.
Scand. J. Med. Sci. Sports 22, 381–391. doi: 10.1111/j.1600-0838.2010.0
1167.x
Deecke, L. (1996). Planning, preparation, execution, and imagery of
volitional action. Cogn. Brain Res. 3, 59–64. doi: 10.1016/0926-6410(95)00
046-1
Deiber, M. P., Ibañez, V., and Sadato, N. (1996). Cerebral structures participating
in motor preparation in humans: a positron emission tomography study.
J. Neurophysiol. 75, 233–247.
Deiber, M. P., Passingham, R. E., and Colebatch, J. G. (1991). Cortical areas and the
selection of movement: a study with positron emission tomography. Exp. Brain
Res. 84, 393–402. doi: 10.1007/BF00231461
Dum, R. P., and Strick, P. L. (1991). The origin of corticospinal projections from
the premotor areas in the frontal lobe. J. Neurosci. 11, 667–689.
Eccles, J. C. (1982). The initiation of voluntary movements by the supplementary
motor area. Arch. Psychiatr. Nervenkr. 231, 423–441. doi: 10.1007/BF00
342722
Freude, G., and Ullsperger, P. (1987). Changes in Bereitschaftspotential during
fatiguing and non-fatiguing hand movements. Eur. J. Appl. Physiol. Occup.
Physiol. 56, 105–108. doi: 10.1007/BF00696384
Gandevia, S. C. (2001). Spinal and supraspinal factors in human muscle fatigue.
Physiol. Rev. 81, 1725–1789. Available online at: http://physrev.physiology.org/
content/81/4/1725.short
Gandevia, S. C., Allen, G. M., Butler, J. E., and Taylor, J. L. (1996). Supraspinal
factors in human muscle fatigue: evidence for suboptimal output from the
motor cortex. J. Physiol. 490, 529–536. doi: 10.1113/jphysiol.1996.sp021164
Goodall, S., González-Alonso, J., Ali, L., Ross, E. Z., and Romer, L. M. (2012).
Supraspinal fatigue after normoxic and hypoxic exercise in humans. J. Physiol.
590, 2767–2782. doi: 10.1113/jphysiol.2012.228890
Gruet, M., Temesi, J., Brisswalter, J., Millet, G. Y., and Verges, S. (2014).
Stimulation magnétique transcrânienne:application à la physiologie de
l’exercice. Sci. Sports 29, 173–187. doi: 10.1016/j.scispo.2014.04.002
Gruet, M., Temesi, J., Rupp, T., Levy, P., Millet, G. Y., and Verges, S. (2013).
Stimulation of the motor cortex and corticaospinal tract to assess human
muscle fatigue. Neuroscience 231, 384–399. doi: 10.1016/j.neuroscience.2012.
10.058
Hermens, H. J., Freriks, B., and Disselhorst-Klug, C. (2000). Development
of recommendations for SEMG sensors and sensor placement procedures.
J. Electromyogr. Kinesiol. 10, 361–374. doi: 10.1016/S1050-6411(00)00027-4
Herz, D.M., Christensen, M. S., Reck, C., Florin, E., Barbe, M. T., Stahlhut, C., et al.
(2012). Task-specific modulation of effective connectivity during two simple
unimanual motor tasks: a 122-channel EEG study. Neuroimage 59, 3187–3193.
doi: 10.1016/j.neuroimage.2011.11.042
Hilty, L., Langer, N., Pascual-Marqui, R., Boutellier, U., and Lutz, K.
(2011a). Fatigue-induced increase in intracortical communication between
mid/anterior insular and motor cortex during cycling exercise. Eur. J. Neurosci.
34, 2035–2042. doi: 10.1111/j.1460-9568.2011.07909.x
Hilty, L., Lutz, K., Maurer, K., Rodenkirch, T., Spengler, C. M., Boutellier, U.,
et al. (2011b). Spinal opioid receptor-sensitive muscle afferents contribute to
the fatigue-induced increase in intracortical inhibition in healthy humans. Exp.
Physiol. 96, 505–517. doi: 10.1113/expphysiol.2010.056226
Hoffstaedter, F., Grefkes, C., Zilles, K., and Eickhoff, S. B. (2013). The “What”
and “When” of self-initiated movements. Cereb. Cortex 23, 520–530. doi:
10.1093/cercor/bhr391
Ide, K., and Secher, N. H. (2000). Cerebral blood flow and metabolism during
exercise. Prog. Neurobiol. 61, 397–414. doi: 10.1016/S0301-0082(99)00057-X
Jahanshahi, M., and Hallett, M. (2012). The Bereitschaftspotential. New York, NY:
Springer Science & Business Media.
Jaric, S., Blesic, S.,Milanovic, S., and Radovanovic, S. (1999). Changes inmovement
final position associated with agonist and antagonist muscle fatigue. Eur. J.
Appl. Physiol. 80, 467–471. doi: 10.1007/s004210050619
Jaric, S., Radovanovic, S., and Milanovic, S. (1997). A comparison of the effects
of agonist and antagonist muscle fatigue on performance of rapid movements.
Eur. J. Appl. Physiol. 76, 41–47. doi: 10.1007/s004210050210
Jenkins, I. H., Jahanshahi, M., Jueptner, M., Passingham, E. R., and Brook, J.
D. (2000). Self-initiated versus externally triggered movements. Brain 123,
1216–1228. doi: 10.1093/brain/123.6.1216
Johnston, J., Rearick, M., and Slobounov, S. (2001). Movement-related cortical
potentials associated with progressive muscle fatigue in a grasping task. Clin.
Neurophysiol. 112, 68–77. doi: 10.1016/S1388-2457(00)00452-1
Kamijo, K., O’leary, K. C., Pontifex, M. B., Themanson, J. R., and Hillman, C.
H. (2010). The relation of aerobic fitness to neuroelectric indices of cognitive
and motor task preparation. Psychophysiology 47, 814–821. doi: 10.1111/j.1469-
8986.2010.00992.x
Kayser, B. (2003). Exercise starts and ends in the brain. Eur. J. Appl. Physiol. 90,
411–419. doi: 10.1007/s00421-003-0902-7
Kornhuber, H. H., and Deecke, L. (1965a). Changes in the brain potential in
voluntary movementa and passive movements in man: readiness potential and
reafferent potentials. Pflügers Arch. 284, 1–17.
Kornhuber, H. H., and Deecke, L. (1965b). Hirnpotentialänderungen
bei Willkürbewegungen und passiven Bewegungen des Menschen:
Bereitschaftspotential und reafferente Potentiale. Pflügers Arch. 284, 1–17. doi:
10.1007/BF00412364
Lepers, R., Maffiuletti, N. A., and Millet, G. (2004). Étiologie et cinétique
d’apparition de la fatigue neuromusculaire lors d’exercices prolongés de
cyclisme.Mov. Sport Sci. 52, 83–107. doi: 10.3917/sm.052.0083
Lepers, R., Maffiuletti, N. A., Rochette, L., Brugniaux, J., and Millet, G. Y. (2002).
Neuromuscular fatigue during a long-duration cycling exercise. J. Appl. Physiol.
(1985). 92, 1487–1493. doi: 10.1152/japplphysiol.00880.2001
Lepers, R., Millet, G. Y., and Maffiuletti, N. A. (2001). Effect of cycling cadence on
contractile and neural properties of knee extensors. Med. Sci. Sports Exer. 33,
1882–1888. doi: 10.1097/00005768-200111000-00013
Liu, J. Z. (2003). Human brain activation during sustained and intermittent
submaximal fatigue muscle contractions: an fMRI study. J. Neurophysiol. 90,
300–312. doi: 10.1152/jn.00821.2002
Liu, J. Z., Dai, T. H., Sahgal, V., Brown, R. W., and Yue, G. H. (2002). Nonlinear
cortical modulation of muscle fatigue: a functional MRI study. Brain Res. 957,
320–329. doi: 10.1016/S0006-8993(02)03665-X
Liu, J. Z., Yao, B., Siemionow, V., Sahgal, V., Wang, X., Sun, J., et al. (2005). Fatigue
induces greater brain signal reduction during sustained than preparation
phase of maximal voluntary contraction. Brain Res. 1057, 113–126. doi:
10.1016/j.brainres.2005.07.064
Merton, P. A. (1954). Voluntary strength and fatigue. J. Physiol. (Lond). 123,
553–564. doi: 10.1113/jphysiol.1954.sp005070
Millet, G. Y., and Lepers, R. (2004). Alterations of neuromuscular function after
prolonged running, cycling and skiing exercises. Sports Med. 34, 105–116. doi:
10.2165/00007256-200434020-00004
Morree, H. M., Klein, C., and Marcora, S. M. (2012). Perception of effort reflects
central motor command during movement execution. Psychophysiology 49,
1242–1253. doi: 10.1111/j.1469-8986.2012.01399.x
Neyroud, D., Vallotton, A., Millet, G. Y., Kayser, B., and Place, N. (2013). The
effect of muscle fatigue on stimulus intensity requirements for central and
Frontiers in Human Neuroscience | www.frontiersin.org 11 June 2016 | Volume 10 | Article 257
Spring et al. MRCP Reduction after Acute Exercise
peripheral fatigue quantification. Eur. J. Appl. Physiol. 114, 205–215. doi:
10.1007/s00421-013-2760-2
Nybo, L., and Secher, N. H. (2004). Cerebral perturbations provoked by prolonged
exercise. Prog. Neurobiol. 72, 223–261. doi: 10.1016/j.pneurobio.2004.
03.005
Périard, J. D., Caillaud, C., and Thompson, M. W. (2011). Central and peripheral
fatigue during passive and exercise-induced hyperthermia. Med. Sci. Sports
Exer. 43, 1657–1665. doi: 10.1249/MSS.0b013e3182148a9a
Place, N., Maffiuletti, N. A., Martin, A., and Lepers, R. (2007). Assessment
of the reliability of central and peripheral fatigue after sustained maximal
voluntary contraction of the quadriceps muscle.Muscle Nerve 35, 486–495. doi:
10.1002/mus.20714
Robertson, C. V., and Marino, F. E. (2016). A role for the prefrontal cortex in
exercise tolerance and termination. J. Appl. Physiol. (1985), 120, 464–466. doi:
10.1152/japplphysiol.00363.2015
Schillings, M. L., Kalkman, J. S., van der Werf, S. P., Bleijenberg, G., van Engelen,
B. G. M., and Zwarts, M. J. (2006). Central adaptations during repetitive
contractions assessed by the readiness potential. Eur. J. Appl. Physiol. 97,
521–526. doi: 10.1007/s00421-006-0211-z
Shibasaki, H. (2012). Cortical activities associated with voluntary movements
and involuntary movements. Clin. Neurophysiol. 123, 229–243. doi:
10.1016/j.clinph.2011.07.042
Shibasaki, H., and Hallett, M. (2006). What is the Bereitschaftspotential? Clin.
Neurophysiol. 117, 2341–2356. doi: 10.1016/j.clinph.2006.04.025
Sidhu, S. K., Cresswell, A. G., and Carroll, T. J. (2012). Motor cortex excitability
does not increase during sustained cycling exercise to volitional exhaustion.
J. Appl. Physiol. (1985), 113, 401–409. doi: 10.1152/japplphysiol.00486.2012
Siemionow, V., Fang, Y., Calabrese, L., Sahgal, V., and Yue, G. H. (2004).
Altered central nervous system signal during motor performance in
chronic fatigue syndrome. Clin. Neurophysiol. 115, 2372–2381. doi:
10.1016/j.clinph.2004.05.012
Slobounov, S., Hallett, M., and Newell, K. M. (2004). Perceived effort in force
production as reflected in motor-related cortical potentials. Clin. Neurophysiol.
115, 2391–2402. doi: 10.1016/j.clinph.2004.05.021
Strojnik, V., and Komi, P. V. (1998). Neuromuscular fatigue after maximal stretch-
shortening cycle exercise. J. Appl. Physiol. 84, 344–350.
Tanaka, M., and Watanabe, Y. (2012). Supraspinal regulation of physical
fatigue. Neurosci. Biobehav. Rev. 36, 727–734. doi: 10.1016/j.neubiorev.2011.
10.004
Taylor, J. L., Todd, G., and Gandevia, S. C. (2006). Evidence for a supraspinal
contribution to human muscle fatigue. Clin. Exp. Pharmacol. Physiol. 33,
400–405. doi: 10.1111/j.1440-1681.2006.04363.x
Thacker, J. S., Middleton, L. E., McIlroy, W. E., and Staines, W. R. (2014). The
influence of an acute bout of aerobic exercise on cortical contributions to
motor preparation and execution. Physiol. Rep. 2:e12178. doi: 10.14814/phy
2.12178
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Spring, Place, Borrani, Kayser and Barral. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Human Neuroscience | www.frontiersin.org 12 June 2016 | Volume 10 | Article 257
